Introduction
At the cellular level, cancer is characterized by proliferation (due to loss of cell cycle control or failure of programmed cell death), by loss of the dierentiated phenotype, and ultimately by invasiveness and metastasis. Cancer is caused by the stepwise accumulation of mutations in proto-oncogenes and tumor-suppressor genes that subvert the normal cellular processes of growth, survival, dierentiation and attachment. In normal growth and development, these cellular processes are regulated by soluble signals and by contact with adjacent cells or with components of the extracellular matrix. Thus, mutations in cell surface receptors and in intracellular signal transduction pathways contribute to the development of malignancy. An understanding of the relevant signal transduction pathways and of the interactions between these pathways in normal growth and development will facilitate eorts to elucidate the pathogenesis of cancer.
The evidence that heterotrimeric G-proteins are a relevant signal transduction pathway has been the subject of numerous recent reviews (Dhanaskaran et al., 1998; Schwartz and Baron, 1999; Luttrell et al., 1999a; Murga et al., 1999; Naor et al., 2000; Gutkind, 2000) . Here we suggest that in many cases it is the Gbg-dimers rather than the Ga-subunits that transmit the signals for proliferation and survival. We review the evidence that Gbg-dimers stimulate proliferation via mitogen activated protein kinase (MAPK) pathways and promote cell survival by the activation of phosphotidylinositol-3-kinase (PI3K). We propose that speci®c Gbg-dimers are likely to have unique roles in the regulation of normal growth and development, and consequently in the pathogenesis of cancer.
Heterotrimeric G-proteins and the GTPase cycle
Heterotrimeric G-proteins consist of a Ga-subunit and a Gbg-dimer. The Ga-subunit binds guanine nucleotides and possesses an intrinsic GTPase activity with a low turnover number. The Gbg-dimer does not dissociate under physiologic conditions. The heterotrimer is held at the inner surface of the plasma membrane through an isoprenyl group covalently attached to the Gg-subunit and by lipid groups attached to the Ga-subunit. Agonist occupied Gprotein coupled receptors (GPCR) catalyze the release of GDP from the active site of the Ga-subunit. The Ga-subunit then binds GTP, resulting in a conformational change that reveals eector interacting surfaces of both the Ga-subunit and the Gbg-dimer. Gasubunits and Gbg-dimers both initiate intracellular signal transduction pathways through a variety of eector molecules. Intracellular signaling is terminated by hydrolysis of GTP. The GTPase activity of the Gasubunit is accelerated by certain eectors and by RGS proteins (Wilkie, 2000) . Signaling through the Gbgdimer is limited by binding of the Gbg-dimer to phosducin (Craft et al., 1998) or pleckstrin (Abrams et al., 1996) . Agonist occupied receptor is downregulated by phosphorylation of the receptor by a Gprotein coupled receptor kinase (GRK), a process which requires Gbg-dimer (Pitcher et al., 1992) .
The accepted model of G-protein activation assumes that the Ga-subunit dissociates from the Gbg-dimer following binding of GTP (Gilman, 1987) . A modi®ca-tion of this model suggests that the Ga-subunit and Gbg-dimer remain associated throughout the GTPase cycle, but on binding GTP the heterotrimer adopts a more open conformation revealing eector interacting surfaces (Rebois et al., 1997) . This model is supported by chemical (Yi et al., 1991) and molecular (Klein et al., 2000) cross-linking studies which show that heterotrimers that are physically tethered are still functional. Inability of Ga-subunits and Gbg-dimers to dissociate would have two important implications for G-protein mediated signaling. First, a mutation that constitutively activates a Ga-subunit would simultaneously reveal eector interacting surfaces of the tethered Gbg-subunit, and thereby initiate Gbgmediated signal transduction pathways. Second, there would be no pool of free Ga-subunits or free Gbgdimers in the cell, which would increase the speci®city of heterotrimer interactions.
Disturbances in the GTPase cycle lead to cellular transformation. In some cases, constitutively activating mutations of Ga-subunits lead to direct activation of eectors which promote cellular proliferation. In this regard, GTPase de®cient mutants of certain Gasubunits have been identi®ed in human tumors and shown to transform cell lines in vitro, including gsp (Ga s ), gip2 (Ga i2 ) and gep (Ga 12 ) (Dhanasekaran et al., 1998) . However, this mechanism seems to be operative in a minority of cases. A more common mechanism may involve prolonged release of Gbg-dimers. As we will discuss, over-expression of Gbg-dimers, but not of constitutively active Ga-subunits, activates MAPK pathways in most cell types (Crespo et al., 1994; Ito et al., 1995; Coso et al., 1996; Yamauchi et al., 1997) . Although overexpression of Gbg-dimers has not been shown to stimulate cell proliferation or cause malignant transformation (Dhanasekaran et al., 1998) , sequestration of Gbg-dimers prevents the stimulation of DNA synthesis and cell proliferation in several experimental systems (Iaccarino et al., 1999; Ghahremani et al., 2000) .
Diversity of Gbg-dimers
As shown in Table 1 , ®ve distinct Gb-subunits and 12 distinct Gg-subunits have been identi®ed in human cDNA, EST, or genomic libraries (Hurowitz et al., 2000) . Homologs of each of these proteins have also been identi®ed in one or more additional mammalian species including mouse, rat, cow, and dog. Individual Gb-subunits and Gg-subunits share nearly 100% amino acid identity between mammalian species, suggesting conserved functions for each individual subunit. Moreover, the tissue speci®c expression of individual Gg-subunits indicates unique roles in speci®c signal transduction pathways. For example, the expression of Gg 1 is restricted to retinal rod cells, and Gbg 1 -dimers interact better with rhodopsin than with other receptors (Kisselev and Gautam, 1993) .
The Gb-subunits are highly homologous to each other, with Gb 1 through Gb 4 sharing 78 ± 88% amino acid identity. The Gb 5 -subunit diers from the other Gb-subunits in gene structure and shares only 51 ± 53% amino acid identity. As a group, the Gg-subunits are more diverse than the Gb-subunits, sharing only 27 ± 76% amino acid identity. The Gg-subunits can be divided into families based on sequence homology and on dierences in post-translational modi®cations. Gg 1 , Gg 11 , and Gg 14 share 62 ± 73% amino acid identity, and appear to form a distinct subclass. The recently described Gg 13 protein is the most distinct Gg-subunit, sharing only 24 ± 32% amino acid identity with the other Gg-subunits (Huang et al., 1999) .
Post-translational modi®cations
Gg-subunits undergo several post-translational modi®cations. The best characterized of which involves isoprenylation of an invariant Cys residue in a conserved CAAX motif at the carboxyl terminus. Most Gg-subunits have a Leu at the carboxyl terminus which directs the addition of a 20-carbon geranylgeranyl group, however three Gg-subunits (Gg 1 , Gg 11 , and Gg 14 ) have a Ser at the carboxyl terminus and consequently a 15-carbon farnesyl group is added. The isoprenyl group is involved in anchoring the Gbgdimer to the membrane, and aects the interaction of the Gbg-dimer with other proteins, including Gasubunit, receptor, eector and GRK. For example, Gbg-dimers with the shorter farnesyl group are less able than those with a geranylgeranyl group to stimulate type II adenylyl cyclase and phospholipaseGb (Myung et al., 1999) . Consequently, Gg 1 , Gg 11 , and Gg 14 form a functional subclass that is likely to have distinct interactions with membranes, receptors and eectors; while expression of Gg 1 is restricted to the retina and brain, Gg 11 and Gg 14 are more widely distributed (Balcueva et al., 2000) .
Isoprenylation of the Gg-subunit is followed by cleavage of the last three amino acids and methylation of prenylcysteine. Gg 5 is the only Gg-subunit that has an aromatic residue in the CAAX motif; this prevents the cleavage of the last three amino acids in a fraction of processed Gg 5 (Cook et al., 1998) . Cleavage of the last three amino acids is important for intracellular localization of isoprenylated proteins. De®ciency of the endopeptidase Rce1 in mice prevents processing of both farnesylated (Ha-Ras, N-Ras, Gg 1 ) and geranylgeranylated (Ki-Ras, Rap1B) proteins, resulting in mislocalization of at least one isoprenylated protein (N-Ras) within the cell .
One potential role for Gg-subunits in the treatment of cancer is as targets for farnesyltransferase inhibitors (FTIs). Peptide mimetic compounds of the CAAX motif function as inhibitors of farnesyltransferase (FT) and geranylgeranyltransferase type I (GGT-I). FTIs selectively inhibit FT, and block farnesylation of Ras, Rho and presumably other farnesylated proteins (Lebowitz and Prendergast, 1998) . In models of Ras transformation, FTIs suppress anchorage-independent growth in cell culture and slow tumor growth in nude mice. Recent work has shown that FTIs suppress proliferation of cancer cells through a mechanism other than inhibition of Ras isoprenylation (Prendergast, 2000) . Several Gg-subunits, Gg 1 , Gg 11 and Gg 14 , are farnesylated, and are potential targets for the action of FTIs. Consequently, future studies ought to examine the role of Gg-subunits in the antineoplastic actions of FTIs, and consider the potential toxicity of inhibiting farnesylation of Gg-subunits.
Gbg-regulated eectors
As shown in Figure 1 , Gbg-dimers mediate signal transduction by interaction with numerous other proteins in the cell, including Ga-subunits, GPCRs, GRKs, phosducin, pleckstrin, and various eectors (Clapham and Neer, 1997) . Gbg-dimers participate in receptor activation, the GTPase cycle, receptor desensitization, and eector activation. Gbg-dimers bind directly to GPCRs and enhance the binding of Gasubunits to GPCRs. The interaction of the Gbg-dimer with the Ga-subunit covers the eector interacting surfaces of both proteins. Gbg-dimers function as GDP release inhibiting factors for Ga-subunits. Gbg-dimers are required for phosphorylation of receptors by some GRKs. Phosducin, pleckstrin, and possibly other proteins with pleckstrin homology domains bind Gbgdimers, and inhibit Gbg-mediated signaling. Various eectors have been shown to be regulated by Gbgdimers including adenylyl cyclase, phospholipase Gb (PLCb), inward recti®er G-protein gated potassium channels (GIRK), and N and P/Q type calcium channels. As discussed in the following sections, Gbgdimers also activate the MAPK kinase pathway and stimulate both PI3Kg and PI3Kb.
A more thorough examination of the regulation by Gbg-dimers of adenylyl cyclase and PLCb is appropriate in light of the involvement of these eectors in the regulation of growth and dierentiation. Adenylyl cyclase produces the intracellular second messenger cAMP, which in turn regulates the activity of protein kinase A. All nine isoforms of adenylyl cyclase are stimulated by Ga s , and most isoforms are inhibited by a-subunits of the Gi family, with the exception of Type II (Simonds, 1999) . Types II and IV adenylyl cyclase are directly activated by Gbg-dimers, Type I adenylyl cyclase is inhibited, and Type III is unaected (Simonds, 1999) . Activation of PLC leads to the (Smrcka and Sternweis, 1993) . As we will see below, there are many parallels in the activation of PLC and PI3K by Gbg-dimers and RTKs.
Stimulation of MAPK pathways by Gbg-dimers
Two classes of growth factor receptors cooperate to regulate responses to mitogenic stimuli: receptor tyrosine kinases and G-protein coupled receptors (Schwartz and Baron, 1999) . Evidence for proliferative signaling and activation of MAPK by GPCR has recently been reviewed (Dhanaskaran et al., 1998; Gutkind, 2000) . However, the mechanisms whereby GPCR activate MAPK cascades are not well understood (Luttrell et al., 1999a; Murga et al., 1999; Naor et al., 2000 , Gutkind, 2000 . It must be recognized that there are several MAPK pathways, including pathways that terminate with extracellular signal-regulated kinases (ERK1, ERK2), jun N-terminal kinases (JNK1, JNK2, JNK3), p38 MAPKs (p38a, p38b, p38g, and p38d), and big MAPK (ERK5) (Garrington and Johnson, 1999) . The mechanism of activation of these distinct MAPK cascades by GPCR may dier. Moreover, there appear to be diering cell type-, GPCR-, and G-protein-dependent mechanisms of activation of particular MAPK cascades (Rozengurt, 1998) . Early studies showed that Gbg-dimers couple GPCR to the stimulation of the ERK1/ERK2 pathway. Gbgdimers stimulate MAPK under conditions where constitutively active mutants of Ga-subunits do not stimulate ERK2 (Crespo et al., 1994; Ito et al., 1995) , and under conditions where constitutively active mutants of Ga s or Ga q , but not Ga i , stimulate ERK1 (Faure et al., 1994) . Stimulation of ERK1/ERK2 requires a functional Gbg-dimer: Gb-subunits or Ggsubunits alone do not stimulate ERK1/ERK2 (Faure et al., 1994; Crespo et al., 1994; Ito et al., 1995) , nor do isoprenylation de®cient mutants of Gg-subunits, even in combination with Gb-subunits (Crespo et al., 1994) . Agents that bind to and sequester Gbg-dimers prevent the stimulation of ERK1/ERK2 by GPCR, including Ga t (Faure et al., 1994; Crespo et al., 1994) , Ga o (Ito et al., 1995) and a carboxyl terminal fragment of the badrenergic receptor kinase (bARK-CT) (Koch et al., 1994) . Similar studies have shown that Gbg-dimers also couple GPCR to the stimulation of JNK (Coso et al., 1996) and p38 MAPK (Yamauchi et al., 1997 ).
There appears to be substantial overlap in the pathways from Gbg-dimer or RTK to the activation of MAPK. First, Gbg-dependent pathways and RTKdependent pathways converge with the activation of a small G-protein (Gutkind, 2000) . Activation of ERK2 by Gbg-dimer is blocked by co-transfection with a dominant negative mutant of Ras, N17-Ras (Koch et al., 1994) . Activation of JNK by Gbg-dimer is blocked by co-transfection with either N17-Ras or N17-Rac (Coso et al., 1995) . Second, the pathway by which Gbg-dimers stimulate MAPK may include a nonreceptor tyrosine kinase. For example, overexpression of Gbg-dimers stimulates autophosphorylation of Src . Other non-receptor tyrosine kinases may replace Src in certain cell types. In lymphoid cells, Csk and Lyn are required for Gq coupled stimulation of MAPK, while Btk is required for Gi coupled stimulation (Wan et al., 1997) . Finally, in certain cells, the activation of MAPK by Gbg-dimers may also require trans-activation of RTKs or assembly of focal adhesions as a scaold for assembly of the Ras activation complex (Della Rocca et al., 1999) .
Several intracellular eectors have been proposed as the ®rst step towards activation of MAPK by Gbgdimers: (i) PI3K was found to be an early intermediate in Gbg-stimulated MAPK activity . Direct activation of PI3K by Gbg-dimers could increase the activity of Src family tyrosine kinases and activate MAPK (Bondeva et al., 1998) ; (ii) Gbgdimers may activate non-receptor tyrosine kinases directly; (iii) Activation of PLCb by Gbg-dimers may lead to activation of MAPK pathway, as does activation of PLCb by Ga q .
Gbg-dimers may serve to recruit a scaolding for the assembly of the Ras activation complex. Binding of barrestin to a phosphorylated GPCR serves to downregulate signal transduction and initiate receptor internalization. However, b-arrestin may also function as an adapter protein for the binding of Src and activation of the MAPK pathway (Luttrell et al., 1999b) . In this model, Gbg-dimers are required for translocation of GRK2 to the membrane and phosphorylation of GPCR (Pitcher et al., 1992) .
An alternative scaolding protein may be KSR-1, which has binding sites for Raf-1, MEK and MAPK. KSR-1 is a positive regulator of Ras-mediated signaling, initially identi®ed in genetic screens of Drosphilia and C. elegans (Downward, 1995) . In a yeast two hybrid screen KSR-1 was shown to interact with Gg 2 , Gg 3 , and Gg 10 . Moreover, KSR-1 was found to translocate to the plasma membrane in COS-7 cells stimulated with LPA, an eect that was blocked by pertussis toxin but not by N17-Ras, suggesting an interaction of Gbg-dimer with KSR-1 in vivo (Bell et al., 1999) . Although KSR-1 is a positive regulator of Ras, overexpression of KSR-1 inhibited Gb 1 g 3 stimulated MAPK activity in COS-7 cells (Bell et al., 1999) . However, the level of KSR-1 overexpression may be critical in determining its eect. In Xenopus oocytes KSR-1 enhanced V12-Ras signaling at low levels of expression but blocked V12-Ras signaling at high levels of expression (Cacace et al., 1999) . These results are consistent with a model of MAPK activation in mammalian cells that is similar to the model for S. cerevisiae, and suggest that KSR-1 acts as a scaolding protein similar to ste5 (Choi et al., 1994) .
In summary, there is ample evidence that Gbgdimers transmit signals from GPCR to activate MAPK pathways in speci®c cellular contexts. However, the pathways by which Gbg-dimers activate MAPK cascades are not fully elucidated. Studies have shown that various components of the pathway from RTK to MAPK are activated by overexpression of Gbg-dimers, and that stimulation of MAPK by either RTK or Gbgdimer requires the activation of a small G-protein. The initial step in the pathway from Gbg-dimer to MAPK activation is not de®ned; there is evidence to support activation of an intracellular eector (e.g. PI3K, PLCb, or non-receptor tyrosine kinase) or assembly of a scaold for Ras activation (e.g. GPCR or KSR-1). An intriguing possibility is that each of these mechanisms may be operable for a particular Gbg-dimer in a particular cellular context.
Activation of PI3K by Gbg-dimers
Survival signals are mediated by three classes of transmembrane receptors: RTK (e.g. IGF I receptor), receptors that are coupled to non-receptor tyrosine kinases (e.g. integrins), and GPCR (e.g. LPA receptors). Distinct intracellular signal transduction pathways from each of these receptor classes converge upon activation of PI3K. This leads to production of an intracellular second messenger PtdIns-3,4,5-P 3 and the activation of PKB (also known as c-Akt). The central role of PtdIns-(3,4,5)-P 3 in cell survival is supported by studies of tumor suppressor genes PTEN and SHIP. PTEN is a phophatase that is active on PtdIns-3-Ps, while SHIP is active on PtdIns-5-Ps. In mice, de®ciency of PTEN is associated with failure of developmental apoptosis and resistance to apoptotic stimuli. Similarly, de®ciency of SHIP causes excessive survival of myeloid lineages. PKB promotes survival at multiple levels by inactivating components of the apoptotic machinery, by inhibiting transcription of death genes, and by inducing expression of survival genes (Datta et al., 1999) . Here we will focus on the role of Gbg-dimers in the activation of PI3K, a central step in G-protein coupled survival signaling.
Class I PI3Ks are heterodimeric proteins consisting of a catalytic subunit (p110) and an associated subunit (Fruman et al., 1998) . Class IA PI3K include p110a, p110b and p110d, associated with various regulatory subunits, p85a, p85b and p55g. While p110g with its associated subunit, p101, constitutes the only known class IB enzyme (Stephens et al., 1994) . In vitro, Class I PI3Ks phosphorylate PtdIns, PtdIns-4-P, PtdIns-5-P and PtdIns-4,5-P 2 on the D3 position of the inositol ring. In vivo, PtdIns-4,5-P 2 is the predominant substrate for Class I PI3Ks. Class I PI3Ks also possess a serine kinase activity, undergo autophosphorylation, and phosphorylate IRS-1 and other substrates (Fruman et al., 1998) . Class IA PIK3s, are activated by the small G-protein Ras and by association of the regulatory subunit with proteins containing phosphotyrosyl residues (pY) within a speci®c sequence context (pYMXM). The Class IB PI3K is activated by Gbgdimers (Stephens et al., 1994) and also binds to Ras (Rubio et al., 1997) . Class I PI3Ks are inhibited by the fungal metabolite wortmannin (Stoyanova et al., 1997) .
The activity of p110g is modulated by p101, but the function of p101 diers from that of the Class IA regulatory subunits. When expressed in SF9 cells or COS-7 cells, p110g has a signi®cant basal activity that is only slightly stimulated by Gbg-dimers, but when p110g is co-expressed with its associated subunit, the p101/p110g heterodimer has a lower basal activity and is stimulated to a much greater extent by Gbg-dimers (Stephens et al., 1997) . While puri®ed p110g has kinase activity towards several 3-OH-PtdIns, addition of p101 increases speci®city for the PtdIns-4,5-P 2 (Maier et al., 1999) . All catalytically active fragments of p110g that are capable of binding p101 are equally sensitive to stimulation by Gbg-dimers, but those incapable of binding p101 are insensitive to Gbg-stimulation (Krugmann et al., 1999) . Thus, the function of the p101-subunit is to increase substrate speci®city for PtdIns-4,5-P 2 , and to increase sensitivity to Gbgstimulation.
The mechanism whereby PI3Kg is activated by Gbgdimers is not completely de®ned, but likely involves direct binding of Gbg-dimers to the p101/p110g-heterodimer. Direct binding of Gbg-dimer to p110g-subunit is evidenced by co-puri®cation of Gbg-dimers with a p110g-GST fusion protein (Leopoldt et al., 1998) . However, a deletion analysis of p110g-GST fusion protein appears to indicate that Gbg-dimer binds to multiple regions of the p110g-subunit. Interactions of multiple regions of p110g-subunit with Gbg-dimers is further supported by the observation that both N-and C-terminal fragments of p110g inhibit Gbg-dimer stimulated PI3Kg activity (Leopoldt et al., 1998) . Involvement of the p101-subunit in binding to Gbg-dimer, is supported by a deletion analysis of p101 which indicates that Gbg-stimulated activity requires the N-terminus of p101 and correlates with the tightness of binding of p101 to p110g (Krugmann et al., 1999) .
Speci®c Gbg-dimers may be involved in the activation of PI3Kg. Gbg-dimer isolated from retina is less eective than Gbg-dimers isolated from brain at activating PI3Kg (Leopoldt et al., 1998) . This may result from the dierences in post-translational modi®cation with retinal Gg 1 being mostly farnesylated and brain Gg-subunits being mostly geranylgeranylated. The Gb-subunits also play a role in determining speci®city. Gb 1 g 2 , Gb 2 g 2 , Gb 3 g 2 all stimulate PI3Kg with similar ecacy, but Gb 5 g 2 does not activate PI3Kg (Maier et al., 2000) .
The more widely expressed PI3Kb is also activated by Gbg-dimers. Early studies found that PI3Kb was stimulated by Gbg-dimer and pY-peptide synergistically (Kurosu et al., 1997) . When the various PI3K isoforms are expressed in Sf9 insect cells, PI3Kg is only stimulated by Gbg-dimer, while PI3Ka and PI3Kd are only stimulated by pY-peptides, but PI3Kb is stimulated by both, synergistically (Maier et al., 1999) . Co-transfection studies in NIH3T3 cells show that both PI3Kg and PI3Kb, but not PI3Ka, will activate PKB in response to GPCR agonists. Moreover, activation of PKB by GPCR in cells cotransfected with PI3Kb, does not require phosphorylation of the regulatory subunit of PI3Kb, and is mediated by Gbg-dimers rather than Ga-subunits (Murga et al., 2000) .
The importance of Gbg-dimers and PI3Kg in regulating growth has been explored through studies of transgenic animals. Mice that are homozygous for a deletion of the PI3Kg gene are viable and develop normally, but begin to develop colorectal tumors at 12 weeks of age and by 6 months of age approximately 40% have visible tumors. The colonic tumors exhibit cellular hyperproliferation in association with increased levels of Bcl-2 protein as well as several cell cycle proteins (Sasaki et al., 2000) . In mice, transverse aortic constriction results in a 48% increase in the ratio of left ventricular weight to body weight over the course of one week, which is associated with increased PI3Kg activity and increased PKB activity. In transgenic mice expressing a Gbg-sequestrant, there is no increase in PI3Kg activity nor in PKB activity one week after imposition of transverse aortic constriction, however there is still a similar 43% increase in the ratio of left ventricular weight to body weight (Naga Prasad et al., 2000) . Adenovirus mediated gene transfer of a Gbgsequestrant, bARK-CT, to vascular smooth muscle cells of rat carotid arteries, substantially inhibited intimal hyperplasia following injury by balloon angioplasty (Iaccarino et al., 1999) .
Additional roles of Gbg-dimers in proliferation and dierentiation
Although there have been no reports of mutations in Gb-or Gg-subunits in cancer, a few groups have noted changes in the level of expression of Gg-subunits in tumor tissues. One group has suggested a role for Gg 7 in the pathogenesis of human intestinal carcinoma. Levels of Gg 7 were found to be reduced in 12/12 specimens of primary pancreatic cancer (Shibata et al., 1998) , and in 24/30 gastrointestinal tract cancers (Shibata et al., 1999) . The mechanism by which Gg 7 expression is reduced was not addressed in these studies. Examination of the data in The Cancer Chromosome Aberation Project (www.ncbi.nlm.nih.gov/CCAP) shows that loss of heterozygosity in the region of chromosome 17 containing Gg 7 has been observed in a variety of human cancers including gastrointestinal tract cancers. Expression of Gg 7 in a human esophageal carcinoma cell, KYSE150, line was associated with suppressed cell growth in con¯uent cultures, and smaller tumor size in nude mice (Shibata et al., 1999) .
Two recent studies have demonstrated a decrease in the levels of Gg 5 during dierentiation. In the developing rat brain, Gg 5 levels are high in early embryonic stages, fall progressively until birth, and remain low after birth. Gg 5 is localized to the undierentiated, proliferative region of the ventricular zone. Moreover, in P19 cells induced to dierentiate into neurons in vitro, Gg 5 levels fall progressively (Morishita et al., 1999) . Levels of Gg 5 protein were shown to decrease during the ®rst 2 days of in vitro dierentiation of 3T3-L1 cells into adipocytes. Moreover, a Gbg 5 -dimer was found to be associated with AEBP1 in the nucleus of 3T3-L1 cells and to attenuate its transcriptional repression activity (Park et al., 1999) . As detailed above, Gg 5 may be uniquely suited to translocate to the nucleus because of its distinct posttranslational modi®cations (Cook et al., 1998) .
Conclusions
Heterotrimeric G-proteins couple cell surface receptors for signals that regulate proliferation and survival to intracellular eectors. Gbg-dimers function at many levels in the GTPase cycle of heterotrimeric G-proteins. Disturbances in the GTPase cycle lead to cellular transformation. In many cases, Gbg-dimers rather than Ga-subunits are required for the activation of eectors, such as MAPK, that promote cellular proliferation. The pathway(s) linking GPCRs to MAPKs have yet to be fully elucidated, but appear to converge with the pathways from RTKs to MAPKs. Gbg-dimers may be required for activation of an intracellular eector (e.g. P13K, PLCb, Src) or assembly of a scaolding for activation of a small G-protein (e.g. Ras). Dierent cells may employ dierent mechanisms, and consequently dierent Gbg-dimers, in the activation of MAPKs. Activation of PI3K is a critical step in the intracellular transduction of survival signals, as well as a candidate for the initial step in the pathway from GPCR to MAPKs. Gbg-dimers directly activate PI3Kg, and both Gbg-dimers and pY-peptides activate the more widely distributed PI3Kb. The activation of PI3Kg by Gbg-dimers likely involves direct binding of the Gbg-dimer to both the catalytic and regulatory subunits. Speci®c Gbg-dimers may be involved in the activation of PI3Kg, e.g. Gb 5 g 2 does not activate PI3Kg.
Recent studies have begun to de®ne functional dierences between subtypes of Gb-subunits and Ggsubunits. However, more studies examining speci®c functions of the ®ve individual Gb-subunits and the 12 individual Gg-subunits are needed. Experimental techniques that sequester Gbg-dimers have demonstrated that Gbg-dimers are involved in signal transduction pathways that mediate survival and proliferation, but these techniques cannot distinguish between Gbg-dimers with distinct subunit compositions. Experimental designs involving overexpression or reconstitution are not well suited to discover functional dierences between related proteins. High levels of protein expression may force association of subunits that do not interact at physiologic concentrations; the use of detergents may result in mixing of subunits that do not normally have access to each other. New experimental approaches are needed to elucidate the speci®c roles of individual Gbg-dimers. These may include suppression of mRNA for individual Gb-or Gg-subunits by antisense RNA or by ribozymes, or targeted disruption of individual Gb-or Gg-subunits genes. Development of transgenic or`knock-out' mice with reduced or absent expression of particular Gb or Gg-subunits will likely elucidate the speci®c roles of individual subunits in the signal transduction pathways that govern growth and dierentiation.
